, including the retrotrapezoid nucleus (RTN), portions of the nucleus paragigantocellularis lateralis (PGCL), the parapyramidal region, and the caudal raphé. 1 The RVM has anatomic connections to the dorsal and ventral respiratory groups, 2 the intermediolateral cell column, 3 and many other sites in the brainstem that are involved in autonomic control. [4] [5] [6] Caudal raphé regions, including the parapyramidal area, are also important for thermoregulation and the modulation of sensory input. [7] [8] In addition, neurons in this region, particularly those in the PGCL, provide inputs to the locus coeruleus 9 and thus provide a possible substrate for a role in modulation of arousal tone.
INTRODUCTION

THE ROSTRAL PORTION OF THE VENTRAL MEDULLA OR RVM COMPRISES SEVERAL GROUPS OF NEURONS THAT ARE THOUGHT TO BE INVOLVED IN CARDIO-RES-
PIRATORY CONTROL, including the retrotrapezoid nucleus (RTN), portions of the nucleus paragigantocellularis lateralis (PGCL), the parapyramidal region, and the caudal raphé. 1 The RVM has anatomic connections to the dorsal and ventral respiratory groups, 2 the intermediolateral cell column, 3 and many other sites in the brainstem that are involved in autonomic control. [4] [5] [6] Caudal raphé regions, including the parapyramidal area, are also important for thermoregulation and the modulation of sensory input. [7] [8] In addition, neurons in this region, particularly those in the PGCL, provide inputs to the locus coeruleus 9 and thus provide a possible substrate for a role in modulation of arousal tone.
Some neurons in the RVM exhibit a respiratory related rhythm and increase their firing rate in response to CO 2 . For example, neurons in the RTN of cats and rats exhibit a respiratory related rhythm, [10] [11] some of which increase their firing rate in response to increased inspired [CO 2 ]. 12 Recently, experiments in conscious, unanesthetized rats have shown that CO 2 microdialysis into the RTN increases breathing during wakefulness but not during sleep. 13 Small chemical lesions in the RVM of anesthetized or decerebrate cats and rats inhibit resting ventilation and also reduce the response to systemic hypercapnia. [14] [15] [16] In contrast, chemical lesions in the RVM in the unanesthetized rat do not have any major effects on resting ventilation but reduce the ventilatory response to systemic hypercapnia by 39%. 16 The human arcuate nucleus, a diffuse thin layer of cells on the ventral surface of the brainstem, lies within the rostral ventral medulla (RVM). [17] [18] [19] A major recent advance in our understanding of the pathogenesis of SIDS has been the findings of abnormalities in the arcuate nucleus and the caudal raphé in infants who died of SIDS. Initially, a small subset of SIDS infants was found to have severe hypoplasia of the arcuate nucleus. 17 Subsequently, the brainstems of SIDS victims were found to have decreases in muscarinic 20 and kainate 21 binding in the arcuate nucleus, as well as a widespread reduction in 3H-LSD binding in other parts of the RVM including the caudal raphé and adjacent serotonergic regions, including the PGCL. 22 This information led to the general hypothesis that abnormalities in this region of the brainstem may contribute to the etiology of a subset of SIDS by interfering with normal protective or defense responses, including arousal from sleep, to stimuli such as hypoxia, hypercapnia, and reflex apnea.
There is limited information about the role of these brainstem regions in the newborn animal. We have recently demonstrated that both electrolytic lesions and dialysis of muscimol, a GABA A agonist, in the RVM of decerebrate piglets reduce baseline phrenic nerve activity and the response to systemic hypercapnia. 1 Also, cooling of the surface of the RVM in anesthetized piglets interferes with the interaction of hypercapnia and reflex respiratory inhibition caused by stimulation of the larynx. 23 Few exper-iments have been performed in the conscious newborn animal. In one series of experiments, cooling of the ventral surface of the medulla in newborn goats decreased ventilation but did not cause apnea, as was the case when cooling was performed under anesthesia. 24 In addition, the results of recent experiments in our laboratory in the conscious awake and sleeping newborn piglet show that inhibition of neurons in the RVM decreases the ventilatory response to CO 2 but does not reduce baseline ventilation. 25 The objective of this study was therefore to evaluate the effects of the inhibition of small groups of neurons in the RVM on sleep and the interactions between sleep state and breathing, HR, blood pressure, and metabolic rate in chronically instrumented newborn piglets. We hypothesized that inhibition of neurons in the RVM would alter the interactions between sleep and other cardio-respiratory variables. We also anticipated that inhibition of neurons in this region would decrease the tendency for arousal resulting in perhaps a greater amount of sleep or QS with greater slow-wave activity (delta power).
METHODS
Animal Preparation and Surgery
Twenty-one piglets were studied, ranging from 5 to 13 days of age (6.4±2.7 days; Mean±STD) and weighing 1.90 to 3.20 kg (2.68±0.39 kg; mean±STD). Pre-and post-operatively, piglets were housed with the sow in a farrowing crate in our on-site animal care facility in an environmentally controlled room with 12-hour light/dark cycles and room temperature maintained at 22°-23°C. The Institutional Animal Care and Use Committee of Dartmouth College approved surgical procedures and experimental protocols. Surgery was performed under general anesthesia (~ 2% isoflurane in O 2 ) using sterile technique. All animals were pre-treated with cefazolin (20 mg/kg IV) prior to surgery and given daily trimethoprim sulfa (120 mg oral solution) postoperatively until euthanasia. Analgesia was administered immediately post-operatively (buprenorphine, 0.1 mg/kg IM) and as required up to 24 hours after surgery. All incisions were cleaned daily and treated with bacitracin ointment.
A dual lumen umbilical catheter was placed in the abdominal aorta via the femoral artery for recording blood pressure and arterial blood gas sampling. A thermistor was sewn subcutaneously in the abdominal area, 1-2 cm left of the midline and 2-3 cm above the umbilicus. The aortic catheter and leads from the thermistor were tunneled subcutaneously and exited in the back, just caudal to the scapulae. The catheter lumens were filled with heparinized saline (1000 U/ml) and flushed at least once daily.
The animal was placed prone and its head fixed in a stereotaxic apparatus (Kopf). A midline scalp incision was made and measurements were taken for the positions of lambda, bregma and a fiducial mark on the right ear bar. From these measurements, stereotaxic coordinates were constructed and used in a regression formula to predict the location of the RVM for microdialysis probe placement. 26 Two EEG electrodes were screwed biparietally into the skull with a centrally placed common electrode (equivalent of C3, C4, and Cz). EOG electrodes (Cooner) were sewn into the outer canthi of both eyes, and a ground electrode (Cooner) was sown into the scalp near the right ear. Two wires (Cooner) were sewn into nuchal muscle approximately 1-2 mm apart for EMG measurements. All wires were attached to brass contacts, tunneled under the scalp, and attached to a plastic connector. A stainless steel or plastic microdialysis guide tube and stylet were inserted through a small burr hole in the skull, the tip position determined stereotaxically to lie in the region of the RVM. The EEG/EOG/EMG connector and the microdialysis guide tube were then cemented to the skull. At least 24 hours were allowed after surgery before any studies were performed.
Measurements
All studies were performed in a barometric plethysmograph. The piglets were suspended in a custom designed sling that allowed wires and tubing to be brought out through the wall of the plethysmograph without becoming entangled. The design of the plethysmograph was similar to that of Drorbaugh and Fenn 27 as modified by Pappenheimer 28 to allow a constant gas flow. A constant baseline pressure was achieved by matching the inflow and outflow with a combination of a flow controller (Hastings) and rotameter. Gas entering the plethysmograph was heated tõ 38ºC and humidified to achieve 100% relative humidity. This resulted in an average plethysmograph air temperature of 25º-26ºC. A series of gas mixers allowed changes in inspired gas concentration without changing baseline pressure or flow rate.
Respiratory related pressure fluctuations were measured with a sensitive transducer (Validyne) referenced to a second chamber connected to the plethysmograph in a manner to achieve a "slow leak" between the chambers. This technique greatly reduces artifacts produced by transient pressure fluctuations in the study room. Blood pressure was continuously measured from one lumen of the arterial catheter. Arterial blood gases were intermittently drawn from the second lumen. In this fashion, arterial blood could be withdrawn without interrupting the blood pressure signal. EEG and EOG signals were amplified and filtered with a bandpass of 0.3-30 Hz and nuchal EMG signals were filtered with a bandpass of 10-100 Hz (Grass). Inspired [CO 2 ] was measured by continuously drawing a small amount of gas from the outlet of the plethysmograph through a CO 2 gas analyzer (CWI). Inspired or outlet [O 2 ] was measured similarly together with inlet [O 2 ] (Applied Electrochemistry) and the plethysmograph gas flow rate (Hastings) to allow calculations of oxygen consumption. Body and plethysmograph gas temperatures were also continuously measured (YSI). In some cases, body temperature measurements were discontinuous because of technical difficulties. In these cases, temperature was interpolated across periods of missing data. All signals were recorded on digital tape (Vetter), digitized at 1 KHz, and continuously displayed and stored on magnetic media for off line analysis (ADI).
The animals were also continuously videotaped for sleep analysis. The video signal was combined with the computer monitor image (picture in picture), time and date stamped, and recorded (Sony). This allowed behavioral scoring of sleep while simultaneously viewing physiological data.
Experimental Protocols
Our preliminary 24-hour observations in piglets in a natural environment with their mother under 12hr/12hr light-dark cycles, indicated that young newborn piglets sleep in bouts throughout the 24-hour period with little consolidation during the dark cycle.
Therefore all studies were performed between 10:00h and 15:00h and were of similar recording duration. The piglet was placed in the sling in the plethysmograph and a period of at least 45 minutes was allowed for stabilization during which the RVM was continuously dialyzed with artificial CSF (aCSF) at a flow rate of 8.5 µl/min. Recordings were started when plethysmograph air temperature, humidity, and inspired CO 2 and O 2 concentrations were relatively constant. Two groups of animals were studied using the protocols described in Figure 1 . One group of animals ('muscimol' group) underwent an initial baseline control period of aCSF dialysis, followed by 40 minutes of dialysis with muscimol (10 or 40 mM) in aCSF, followed by a second control or washout period with aCSF alone. The initial baseline period lasted approximately 40 minutes, but was varied to allow at least two sleep cycles prior to starting muscimol dialysis. A second group of animals ("time trial" group) was dialyzed with aCSF over the course of the entire experiment. In this latter group, the experiment was divided into three time periods corresponding to the baseline control, muscimol dialysis, and second control period of the "muscimol" group to allow comparisons.
Anatomy
The methods used to determine the anatomical locations for the muscimol dialysis have been described in detail previously. 1 Briefly, microdialysis of potassium permanganate was used to determine the location of the tip of the dialysis probe 26 (Figure 2 ). After euthanasia, the brains were removed, and the dorsal and ventral surfaces were photographed. The brainstems were then placed in a cryo-embedding medium (Tissue-Tek, O.C.T. 458) and frozen in isopentane at -70ºC. At the time of freezing, two pieces of straight, thin pasta were placed alongside the dorsal aspect of the brainstem (red on the right; green on the left), to confirm right/left orientation of the mounted section and to serve as fiducial markers during computer reconstructions. The frozen brainstems were cut in 20-50 micron sections at -18ºC. and mounted on glass slides. All sections were then fixed in formol alcohol over night and stained with cresyl violet.
The site of the tip of each dialysis probe was then plotted on a grid, which represented the average ventral surface area of the facial nucleus (see Figure 3 ). The standardized facial nucleus grid used in this figure represents the average length and width of the facial nucleus computed from 12 piglets, 4-12 days of age. We considered the probe tip to be in the RVM if it was within 2 mm of the ventral surface, more than 0.5 mm from the midline, and less than 2 mm rostral to the rostral pole of the facial nucleus (VII), less than 2 mm caudal to the caudal pole of VII, and less than 1 mm lateral to lateral border of VII.
Data Analysis
Physiological Data: All data were resampled at 100 Hz. Beat-to-beat mean arterial pressure (BP) and heart rate (HR) were derived from the continuous recordings of arterial blood pressure (MATLAB). Similarly, breath-to-breath V T , f, and V E were calculated from plethysmograph respiratory pressure fluctuations using algorithms described previously. 29 VO 2 was calculated from the difference of the inlet and outlet fractional oxygen concentrations and the plethysmograph flow rate. Beat-tobeat and breath-to-breath variables, VO 2 , Plethysmograph and animal temperatures, CO 2 and O 2 concentrations were all averaged over five-second epochs.
Sleep Data: The EEG record was divided into five-second epochs and for each epoch the absolute power spectral density (PSD) was computed over a frequency range of 0-15 Hz using MATLAB's "spectrum" function. This function uses Welch's averaged periodogram method to estimate PSD, where each fivesecond epoch is divided into overlapping sections (256-point sec- The experimental protocols used in this study. aCSF = artificial CSF; Muscimol = 10-40 mM muscimol in the dialysate. The top series is the protocol for the "time trial" group, and the bottom series is the protocol for the "muscimol" group. Note that dialysis continued throughout the experiment.
aCSF
tions with a 128-point overlap). Each section is de-trended and windowed (Hanning). The magnitude squared of the 256-point discrete Fourier transforms are averaged to give the spectral power density for the epoch. The average power for each epoch was then computed between 0.5-4 Hz (Delta), 5-9 Hz (Theta), and 10-14 Hz (Sigma). A similar method of power averaging has been described previously in studies involving small animals. 30 In addition, a value representing EEG amplitude was computed for each epoch by rectifying the EEG signal and then smoothing the signal with a digital moving time averager. The nuchal EMG signal was treated similarly. REMs, and closed eyes. In almost all cases, periods of QS were followed by brief periods of active sleep (AS) characterized by an abrupt transition to low EEG and EMG amplitudes, low levels of delta power, the presence of REMs, and no observed eye openings other than brief lid retractions associated with REMs. AS was also associated with nose and ear twitching, and often decreases in V T and mean BP. The sleep cycle was completed by a period of wakefulness or drowsiness (W/D) of variable duration characterized by an initial abrupt increase in EMG amplitude and a gradual increase in EEG amplitude and delta power, frequent eye openings, and gross body movements. The usefulness of using eye openings for state identification in piglets was derived by observational data in newborn and adolescent piglets that pigs rarely sleep with open eyes. [31] [32] Figure 4 shows an example of AS with preceding transitions from QS and the transition through wakefulness and drowsiness back to QS.
Statistical Analysis: A custom designed interactive graphics program (MATLAB) was used to select periods of QS, AS, and W/D periods as described above. Any time periods not included in these categories (6%-8% of total time) were excluded from the analysis. Since there was no dose-response relationship in our initial analysis, 10 mM and 40 mM data were combined for statistical analysis. All data were averaged over each selected state period and grouped as "before muscimol," "during muscimol," or "after muscimol." Comparisons were made between the "time trial" and the "muscimol" groups before, during, and after muscimol dialysis, and during QS, AS, and W/D using a two-way ANOVA for repeated measures with one grouping factor (SYS-TAT). In this way we were able to evaluate the effect of state (three levels), muscimol (three levels), and the experimental group (two levels), and their interactions. Each experiment was considered a "case" for statistical analysis. Individual post-hoc comparisons were calculated using a Bonferonni correction. In some cases a Fischer's Exact Test was used to evaluate discrete data.
RESULTS
Anatomy
Of the 21 animals studied, 13 had interpretable sleep data. One of the 13 was discarded because the dialysis probe tip was located in the midline raphé. The positions of the dialysis probe tips of the remaining 12 piglets included in our data analysis are shown in Figure 3 gest that during 40 minutes of dialysis at a rate of 8.5 µl/min, muscimol diffuses in the shape of an ellipsoid with the long axis in the rostral caudal direction encompassing a volume of approximately 6.3 ml. This translates into a possible 1-2 mm spread rostrally and caudally, and 0.5-1 mm spread lateral and medial to the tip of the dialysis probe. The exact tissue concentrations of muscimol within the area of spread are unknown. However, studies using dual dialysis probes, one for delivery and the other for collection and measurement, suggest that the concentration in the tissue at the probe tip are likely 10-100 times lower than in the dialysate. 33 It would be anticipated that concentrations would decrease with outward spread. instances where sleep cycling was abolished in one experiment and continued in another after muscimol dialysis. When sleep cycling stopped in response to muscimol dialysis, the animal appeared to go into a continuous state of drowsiness, interrupted by short periods of wakefulness, marked by an increase in body movements. Figure 6 shows an example of the cessation in sleep cycling in one experiment during and after muscimol dialysis. Largely because of the shift to W/D in those animals in which sleep cycling was abolished, muscimol dialysis altered the distribution of time spent in QS, AS, and W/D.
Sleep and the Effects of Muscimol
The percent time spent in QS, AS, and WD during the control baseline period, during muscimol, and after muscimol dialysis for the "muscimol" and "time trial" groups is shown in Table 1 and graphically displayed in Figure 7 . In the "muscimol" group there were significant decreases in the percent time spent in AS and QS and increases in the percent time spent in W/D during and after muscimol dialysis compared to the pre-muscimol control period.
In five experiments in the "muscimol" group, sleep cycling continued both during and after muscimol dialysis. In these five experiments the average delta power during QS decreased to 65.0±11.7 percent of control during muscimol dialysis and 61.0±10.1 percent of control after muscimol dialysis. When these experiments were compared to those for the "time trial" group, both total power and delta power were significantly lower during and after muscimol dialysis in the "muscimol" group. Figure 8 shows an example of continued sleep cycling during and after muscimol dialysis in one experiment and illustrates the decrease in delta power during and after muscimol dialysis. Figure 9 shows the mean changes in delta power before, during and after muscimol dialysis for the "time trial" and the "muscimol" groups and the distribution of total power in the "muscimol" group during and after muscimol dialysis. In these experiments in which sleep cycling continued before and after muscimol dialysis, neither sleep cycle time nor the durations of QS, AS, or W/D was affected by muscimol.
Effects of State and Muscimol on Physiological Variables
To evaluate the effect of state on respiratory, cardiovascular, and metabolic variables, data obtained during baseline periods ("before muscimol") were first combined and analyzed. The results are shown in Table 2 . Mean V T and V E were lowest during AS compared to QS and W/D. Mean Respiratory frequency was highest during W/D. Mean BP was highest during QS compared to AS and W/D. Mean HR was highest during W/D and lowest during AS. These relationships were not influenced by the origin of the baseline data (i.e., obtained from the "time trial" or "muscimol" group). Mean VO 2 was lower in AS compared to QS. Importantly, when plotted in real time, VO 2 always fell during AS and then began to rise during W/D, reaching a plateau during QS.
To determine whether these variables or their modulation by sleep state were affected by muscimol dialysis, an ANOVA for repeated measures was applied to the data with two trial factors: three levels for State-QS, AS, and W/D, and three levels for Muscimol-before, during, and after muscimol dialysis). The analysis also included one grouping factor ("time trial" vs. "muscimol"). This analysis was complicated by the fact that comparisons could be made across all states only in the group of piglets in which muscimol had a less potent effect (i.e., did not abolish sleep cycling). In the group in which muscimol had a more potent effect (i.e., abolished sleep cycling), comparisons could only be made during wakefulness.
In those experiments in which muscimol dialysis abolished sleep cycling, there was no effect of muscimol on V T , f, V E , or BP during W/D. HR and VO 2 , however, were slightly greater after muscimol, most likely reflecting the increases in body movements seen after muscimol dialysis. In the experiments where cycling continued after muscimol dialysis, mean V T , f, V E , BP, HR, and VO 2 all varied significantly with state, with the same relationships that were found in the baseline data (see Table 2 ), and none of these relationships were influenced by muscimol dialysis.
DISCUSSION
The results of this study have confirmed our previous observations 25 that inhibition of small groups of neurons with the GABAA agonist, muscimol, in the rostral ventral medulla of conscious, awake, and sleeping piglets has little effect on resting breathing or mean arterial pressure. The results of the current study expand those findings to include no appreciable effects of muscimol on resting levels of heart rate, body temperature, or oxygen consumption. The results of the current study also show that all of these variables were modulated by state and neuronal inhibition with muscimol in the RVM did not influence their modulation by state. On the other hand, muscimol dialysis produced dramatic changes in sleep architecture, abolishing sleep cycling in some cases, and in others decreasing the amount of low frequency activity, or delta power, during QS.
Piglet Sleep
There is little information about sleep architecture in newborn piglets. Most studies involving sleep in conscious newborn piglets have defined sleep stages in the course of investigating other areas of interest, such as temperature regulation, 34-37 upper airway obstruction and stimulation, 38-41 the effects of carotid body denervation, [42] [43] or the responses to hypoxia. 44 In most of these studies standard EEG, EOG, EMG, and behavioral criteria derived from those commonly used in human newborns 45 were used for sleep staging.
Using the combination of spectral analysis and eyes open/closed information over relatively short recording times and with the record divided into short epochs (five seconds), we were able to identify sleep cycling and easily determine the transitions from QS to AS, the time of awakening, and the slower transition through drowsiness to QS. The amount of time spent in AS in our study was similar to that reported in a study by Scott et al. 46 where conventional EEG/EOG/EMG criteria were used to stage sleep over 90-minute recording periods in 5-15 day old piglets. The percent of time spent in QS and W/D, however, was greater in our group of piglets compared to those studied by Scott et al. who separated out a 'transitional' state that probably included some of the QS and W/D periods that we defined using our scoring method.
With the exception of a few studies in older pigs, 31 there is little information about sleep architecture in pigs derived from EEG/EOG/EMG criteria over longer recording times. Ruckebusch studied three-month-old (adolescent) pigs along with three other species of farm animals over a 24-hour recording period. Not surprisingly, the percent of time spent in QS and AS in the older animals was lower (32.2% and 10.5%, respectively) and the percent of time awake or drowsy was higher (57.3%) than we observed in our newborn piglets. Interestingly, unlike some other species, pigs were never observed to sleep standing or with their eyes open. In addition, they were recumbent 89% of the time, and stood only during periods of alert wakefulness. Also there was a marked decrease in muscle tone, similar to that usually seen during AS sleep, starting during drowsiness (preceding periods of QS), and not increasing again until the animal was awake. 31 Using five-second epochs, we were also able to derive precise information about the durations of individual bouts of QS and AS. There is little information about the bout durations of sleep cycles or states in piglets with the exception of one observational study by Kuipers and Whatson. 32 Using purely behavioral criteria for sleep staging, these authors observed 16 piglets from eight litters housed in a farrowing crate for a 90-minute period each week during the first five weeks of life. They found that sleep was divided into short "bouts." In their study, the duration of QS was 18-24 minutes compared to ~9 minutes in the current study. In contrast, bouts of AS lasted, on average, only one minute compared to ~3 minutes in our study. The difference in bout lengths is probably explained by the exclusive use of behavioral criteria (body, tail, and ear twitching) to define AS by Kuipers and Whatson. In our experience, these behavioral events follow typical EEG and EOG changes by many seconds. Since periods of AS defined by EEG and EOG criteria were probably included in estimates of the preceding periods of QS, the result would be an overestimation of QS and an underestimation of AS duration. There were also differences in the environmental conditions in the two studies that might contribute to the differences in the observed bout lengths. Our piglets were suspended in a sling and not allowed to lie recumbent or in a crouched position. In a more natural habitat piglets spend almost all of their QS time recumbent and about 80% of AS time in a crouched position. 32 
Muscimol and Sleep
Dialysis of muscimol into the RVM disrupted sleep architecture. The finding that dialysis of a GABAA agonist into the rostral ventral medulla results in a transition to wakefulness and/or drowsiness, or a reduction in the low frequency activity during QS has not been previously described. Because of the known connections between this region and more rostral regions involved in arousal tone, we had hypothesized that inhibition of RVM neurons would increase the amount of sleep or increase the absolute delta power during QS. The idea that low frequency EEG activity (delta power) reflects the intensity or 'depth' of QS is supported by higher arousal thresholds during QS with large amounts of delta activity in the cat 47 and rat. 48 We therefore had anticipated that inhibiting regions that presumably contributed to arousal would increase the intensity of QS and thus raise arousal thresholds, presumably further reducing the ability to respond to a stressor such as hypercapnia. Our previous experiments have shown that the response to CO 2 is clearly reduced after muscimol dialysis into the RVM, even when sleep is disrupted or there is a reduction in delta power during QS, suggesting that these are independent phenomenon. Nevertheless, the finding that inhibiting neurons in the RVM produced wakefulness in some animals and decreased delta power in others raises important questions about the role of these regions in sleep modulation. In addition, some have suggested that sleep deprivation or fragmented sleep may play a role in the ability of an infant to respond to potential life-threatening stimuli. Frequent apnea, overheating, or infection have been suggested as causes for sleep fragmentation in infants. [49] [50] [51] [52] [53] [54] The results of the current study suggest that abnormalities in the RVM could also contribute to sleep deprivation or fragmentation and merits further study.
Interestingly, in a sub-group of six animals where the tips of the dialysis probes were located in a more restricted region within the RVM previously defined as the RTN in the rat, 16 the lowest dose of muscimol (10 mM) completely abolished sleep cycling in five of six experiments. In contrast, in all but one of the experiments in which sleep cycling continued after muscimol dialysis, even including experiments using higher doses (40 mM), the dialysis probe tips were located outside of the RTN region. 25 Given our incomplete knowledge about the spread of muscimol during and after dialysis, caution must be exercised in over-interpreting these results, but they do suggest that there are variations in the response to inhibition within the RVM as we have defined it.
With regard to the possible mechanisms of sleep disruption, this region of the brainstem has not been specifically implicated in either promoting wakefulness or sleep, or in promoting REM sleep. However, interconnections of neurons in this region with more rostral areas involved in vigilance and arousal, particularly the locus coeruleus, suggest some involvement of this region with arousal and state modulation. Therefore, one possible explanation for our findings is that muscimol dialysis inhibited groups of neurons involved in modulation of arousal, increasing the probability of EEG desynchronization and wakefulness. In some cases wakefulness dominated, whereas in others the amount of low frequency activity or the depth of sleep was decreased, suggesting "lighter" sleep. This shift toward wakefulness could have resulted from inhibition of neurons involved in sleep promoting networks, or inhibition of neurons involved in the inhibitory modulation of wakefulness promoting networks, or some combination.
Besides connections with the locus coeruleus, this region has projections to the nucleus tractus solitarius (NTS), an area that Before Muscimol (control) has been implicated in networks involved in the promotion of slow-wave sleep. 55 Also, groups of glycinergic neurons in the vicinity of the inferior olive are thought to be involved in the atonia associated with REM sleep. 56, 57 Inhibition of these regions might lead to increased motor activity similar to what we observed. In the piglet, the inferior olive often overlaps the caudal pole of the facial nucleus and some of these neurons may have been inhibited by muscimol in our studies. Others have described similar shifts to wakefulness after lidocaine injection into the raphé magnus and rostral ventromedial medulla, a region implicated in anti-nociception. 58 However, it is unlikely that muscimol reached these regions in our experiments. Although interesting possibilities, these ideas remain speculative, and further investigation will need to be done to completely explain our results.
State, Muscimol, and Physiological Variables
There is little information about the modulation of respiration by sleep state in the newborn piglet. In the current study, cardiorespiratory variables were clearly influenced by state (see Table 2 ), and characterized by a decrease in V T , V E , BP, and HR during AS compared to QS. Respiratory frequency was higher during W/D compared to both QS and AS. These findings differ from those reported in human infants in which respiratory frequency is higher during AS compared to QS. 59 There is limited data about V T and V E during sleep in infants but it appears that V E is slightly higher during AS, consistent with the higher respiratory frequencies during AS. 60 There are also few data reported about changes in cardiorespiratory variables during sleep in the piglet. Scott et al. using diaphragmatic EMG measurements as an index of respiration in piglets suspended in a sling similar to ours, noted a decrease in respiratory frequency but not EMG amplitude during AS compared to QS or W/D. Similar to our results, HR also was lower during AS compared to QS. 46 The reason for the apparent discrepancy between the changes in VT and diaphragmatic EMG amplitude during AS in the two studies is unclear but may be related to the intercostal muscle recruitment during AS resulting in less chest movement despite unchanged diaphragm activity. Mean VO 2 was greater during QS compared to both AS and W/D. We anticipated that VO 2 would be highest during wakefulness, similar to HR. VO 2 always decreased during AS and increased during W/D, and reached a plateau during QS. Given the large volume of our plethysmograph and the relatively short bout durations of AS (~4 min) and W/D (~5 min), it is likely that the measurements of VO 2 were overestimated for AS and underestimated for W/D. We speculate that the decreasing VO 2 during AS represents the loss of thermoregulatory metabolism. 61 Similar to our previous observations in conscious piglets 25 muscimol dialysis did not result in any changes in resting V T , f, or V E . This is in contrast to the results in decerebrate piglets or anesthetized rats where muscimol dialysis in the RVM resulted in a decrease in phrenic nerve amplitude. 1, 62 Our results, however, are consistent with those from other studies in conscious rats in which cytotoxic lesions produced with microinjections of ibotenic acid resulted in little change in resting breathing but a decrease in the ventilatory response to CO 2 breathing. 16 The reasons for the different results in decerebrate and conscious animals are not clear but are likely due to the effects of anesthesia or decerebration.
Summary
In summary, piglets sleep in short bouts, cycling through QS to REM to Wakefulness and back to QS in a relatively short time. V T , f, and V E are modulated by state, as are HR, body temperature, and VO 2 . Muscimol, a GABA A agonist, dialyzed into the RVM, does not influence resting breathing, BP, HR, body temperature or VO 2 . However, muscimol dialysis into the RVM results in dramatic effects on sleep architecture, abolishing sleep cycling in some experiments, and in those where sleep cycling continued, decreasing low frequency EEG activity during QS. In those experiments where sleep cycling was abolished by muscimol dialysis, there was no effect of muscimol on cardiorespiratory variables during the wakeful/drowsy state. Similarly, in those cases where sleep cycling continued, there was no effect of muscimol dialysis on cycle length, sleep state bout length, or the state related fluctuations of respiration, body temperature, VO 2 , or HR. We speculate that changes in sleep after muscimol dialysis were related to the inhibition of neurons involved in modulating arousal state. We also speculate that abnormalities in these regions of the brainstems in human infants may alter sleep cycling or interfere with normal arousal mechanisms thus contributing to the etiology of SIDS.
